Abstract. Multi-fractured horizontal well is applied in tight gas reservoirs due to the low permeability. A new pressure transient model of multi-fractured horizontal well based on discrete-fracture model in which the hydraulic fractures are discretized as 2D entities is built in this paper, The model is divided into hydraulic fracture region and formation region. The model can be solved using the Galerkin finite element method, then the pressure transient type curves are plotted by computer programming. The results show that there are five different flow regimes observed in type curves including early linear flow, early radial flow, elliptical flow, later pseudo-radial flow and boundary response regime. A sensitivity analysis is conducted to study impacts of hydraulic fracture number, hydraulic fracture half-length, hydraulic fracture spacing, and hydraulic fracture conductivity on pressure transient type curves. The new model and obtained results in this paper not only enrich the well testing models, but also play a guiding role in analyzing pressure transient response of multi-fractured horizontal well in tight gas reservoirs.
Introduction
The research on tight gas reservoirs becomes the hot spot in petroleum development. Tight gas reservoirs have low matrix permeability, horizontal wells with multiple hydraulic fracturing technology have been an effect way to produce from tight gas reservoirs.
The pressure transient behavior of multi-fractured horizontal well has been investigated a lot, and several flow models have been developed over the past decades. Gringarten firstly solved the flow problems of two and three dimensions with Green's functions with Green's functions [1] . Ozkan developed a new procedure to generate the solutions of flow equations in porous media combining Laplace transformation with source function [2] . Based on Gringarten 's approach, Raghavan presented a semi-analytical model to study the pressure transient response characteristic of multi-fractured horizontal wells [3] . Zerzar combined the Laplace transformation and source function to present an analytical model for fractured horizontal well, the reservoir can be anisotropic or homogenous or naturally fractured, boundary can be closed or semi-infinite [4] . AlKobaisi presented a numerical-analytical flow model of multi-fractured horizontal wells intercepted by a vertical fracture [5] . Amini developed a distributed volumetric sources method to solve the flow problems of horizontal wells with multi-stage fractures in a box-shaped reservoir [6] . Zhao used source function to analyze the transient pressure response of the multi-fractured horizontal well in shale gas reservoir [7] . Yao and Liu obtained the analytical solution of pressure in a horizontal well with multiple hydraulic fractures by using mirror-injection and superposition theorem [8] . Ozkan and Brown developed a tri-linear flow model to study multi-fractured horizontal wells performance [9] [10] . Stalgorova and Mattar improved the tri-linear flow model to simulate fractures that is surrounded by a simulated region of limited extendibility [11] . Later, Stalgorova and Mattar extended the tri-linear flow model to a five regions flow model [12] . Then some researchers (Samandarli et al, 2014; Clarkson et al, 2013 Clarkson et al, , 2014 successfully used these models to study the complex well behavior exhibited in the field [13] [14] [15] . Recently, Sureshjani and Clarkson developed a new enhanced fracture-region model based on the five regions flow model, and the new model is more general and rigorous than previous models [16] . These models are simple and flexible, however, the models assume that all fractures have the same properties (fracture half-length, conductivity, and fracture aperture, etc.), as a result, some flow regimes cannot be observed.
In this paper, we present a new flow model based on discrete-fracture method of multi-fractured horizontal well in tight gas reservoirs, and the Galerkin finite element method is applied to solve the model. This model can accurately and effectively describe the effects of transient pressure behavior of multi-fractured horizontal wells, which can provide theoretical guidance for the development of multi-fractured horizontal well in tight gas reservoirs. The following assumptions are made to simplify the derivation of mathematical model: (1) The reservoir is homogeneous, isotropic, and bounded by an upper and lower closed boundary;(2) The reservoir is composite with the hydraulic fracture region and formation region; (3)The reservoir is produced through a multi-fractured horizontal well, and the wellbore is intersected by several fully penetrating vertical fractures; (4) The gas flow follows Darcy's law and the gravitational and frictional effects is neglected.
Mathematical model
The mass conservation equation is given by
where, · is the divergence operator, ȡq is a source term, ȡ is the gas density, q is the flow rate per unit volume, į is the Dirac delta function, if
The Darcy's Law in cartesian coordinate is given by
The rock compressibility is defined by 1 d dp
After integration, it is given by
The real gas density can be written as
Where M is the molecular weight of gas, R is the gas constant, Z is the gas deviation factor, T is the temperature. The isothermal gas compressibility can be expressed as follows
Substituting (2) , (4) , (5) and (2) into (1), we can see that
Where, C t is the total compressibility, C t =C g +C f .
To simply the equation, the real gas pseudo-pressure is introduced, which can be defined as
The diffusivity equation becomes
Where, ¨ is the Laplacian operator, For hydraulic fractures, the diffusivity equation of pseudo-pressure can be written as
The initial condition for this problem is
Where, ȥ i is the original reservoir pseudo-pressure. It is assumed that the hydraulic fractures and reservoir region are perfectly connected, so that pseudopressure is continuous at the interfaces 
The diffusivity equation for reservoir region is given by
The initial condition is given by
Pseudo-pressure continuous condition between the natural fractures and hydraulic fractures is given by 
Where, F, R are hydraulic fractures and reservoir region respectively.
So the dimensionless mathematical model of hydraulic fractures can be written as 
Solution of the mathematical model
In this paper, hydraulic fractures are described by discrete fracture model (DFM). The main idea of the DFM is a 2D representation of the fractures [17] . Galerkin weighted residual method and finiteelement discretization are used in this work to solve the equations. The reservoir geometry is discretized using tetrahedron elements for the reservoir region and triangular elements for the hydraulic fractures.
The hydraulic fracture element pseudo-pressure is approximated as : : To get the solutions, the time derivative terms are discretized by forward difference. We can obtain the (n+1)th pseudo-pressure of reservoir region by nth pseudo-pressure, as below
Where ǻt n is the timestep.
Discussion of the results
As shown in Fig 2, the pseudo-pressure and its derivative curves can be divided into five flow regimes. (1) Early linear flow regime, the pseudo-pressure and its derivative curve have a slope of 1/2;(2) Early radial flow regime, the pseudo-pressure derivative curve is seems like a horizontal straight line;(3) Elliptical flow regime, which is characterized by a slope of 0.36 on the pseudopressure derivative curve in this regime;(4) Later pseudo-radial flow regime, the pseudo-pressure derivative curve is almost a horizontal straight line;(5) Boundary response regime, the pressure has spread to the outer boundary for closed outer boundary, the pseudo-pressure and its derivative curve tend to an asymptote with a slope of 1. 3 shows the effect of hydraulic fracture number (n f ) on pseudo-pressure and its derivative curves. As shown in Fig.3 , the n f has great effect on early and intermediate regimes of the curves, with the decrease of n f , the occurrence time of elliptical flow shows later, even disappears when there is only one hydraulic fracture. Meanwhile, pressure drop will be smaller for more hydraulic fractures because the increased formation permeability around wellbore caused by hydraulic fractures will decrease the pressure drop around wellbore.
n f =5 Figure 3 . Effect of n f on the type curves Fig.4 shows the effect of hydraulic fracture halflength (x f ) on pseudo-pressure and its derivative curves. The effect of x f on the curves is mainly on early linear flow and early radial flow regime, with the decrease of x f , the appearance time of early radial flow will be earlier, and the longer the duration will last. In addition, the pressure drop will become larger for a bigger x f , because the formation permeability will be bigger around wellbore caused by hydraulic fractures. 6 shows the effect of hydraulic fracture conductivity (K Fw ) on pseudo-pressure and its derivative curves, hydraulic fracture conductivity is the product of hydraulic fracture permeability and its width. It can be seen that the K Fw mainly affects the early linear flow regime, and the bigger K Fw is, the the smaller the pressure drop will be.
Conclusions
(1) In this paper, a new pressure transient model of multi-fractured horizontal well based on discrete-fracture model has been built and solved by finite element method.
(2) In this new pressure transient model, five main flow regimes can be observed in transient pressure and its derivative curves.
(3) Hydraulic fracture parameters have great effect on the pressure transient curves. With the decrease of hydraulic fractures, the occurrence time of elliptical flow shows later, even disappears when there is only one hydraulic fracture. The smaller the hydraulic fracture half-length is, the earlier the early radial flow will appear, and the longer the duration will last. The smaller the hydraulic fracture spacing shows, the larger the corresponding pressure drop becomes.
